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NOMENCLATURE

AE Expanded blade area: Z R c dr - f (---) dx
rh Xh

Ae  Aspect ratio

A /A0  Expanded area ratio (EAR): ()J ()dx

A0  Propeller disc area: w

c Blade chord length

CA Correlation allowance

CD Blade section drag coefficient, per unit span: CD - Drag
D /2QV2 C

CF Frictional drag coefficient

CL Blade section lift coefficient, per unit span: CL = Lift
CL L /QV2 Cr

Cp Power loading coefficient based on ship speed: 2nnQ
/2nR

2V 3

CTS Thrust loading coefficient based on ship speed: T

V2QTR 2V 2

D Propeller diameter

Dh Hub diameter

fM Maximum camber

g Acceleration due to gravity

G Nondimensional circulation:r
D-V

H Depth of immersion at propeller shaft centerline, not including atmospheric head

i-r  Total rake; axial distance of midchord line from a plane containing blade reference line

- VA  V (li- wT)
J Advance coefficicnt bascd on advance speed, VA: JA = (I = nD

vii



V
.J Advance coefficient based on ship speed: nD

KQ Torque coefficient:

KT Thrust coefficient: T
T en2D4

n Propeller rotational speed (revolution per unit time)

P Propeller pitch

PA Atmospheric pressure

PD Delivered power at propeller: 2nnQ

PE Effective power: RV

PS Shaft power

PV Vapor pressure

Q Torque absorbed by propeller

R Propeller tip radius or ship resistance

Rn  Reynolds number

r Local propeller radius

rh Propeller hub radius

T Thrust produced by propeller

Thrust deduction fraction: t = -R or blade maximum thicknessT-

ua Axial induced velocity at lifting line

ut  Tangential induced velocity at lifting line

V Ship speed

VA Propeller speed of advance: V(I - WT)

Vr  Resultant inflow speed to lifting line: A/Vx + ua )2 + (2nnr - ut )2

VR Radial velocity component: positive inward according to DTNSRDC definition,
positive outward according to MIT definition

VT Tangential velocity component, positive counterclockwise when looking upstream

Vx Local axial speed, circumferential mean

viii
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WT Propeller effective wake fraction as determined from thrust identity from self-propulsion
experiment, also called Taylor wake fraction

b
d,2 •x •dx

wv  Volume mean wake fraction: I - wv = ! - x 2

h 
)

x Nondimensional radius: r/R

Xh Nondimensional hub radius: rh/R = Dh/D

Z Number of blades

a Angle of attack

ai  Ideal angle of attack

-_ _Vx

---- Advance angle at local radius r: P = tan-

pi Hydrodynamic flow angle at lifting line at local radius r: i= tan- x

# Circumferential mean advance angle

+ Ap Variation of the maximum advance angle from the mean

- AP Variation of the minimum advance angle from the mean

F Circulation about lifting line

E Local section drag-lift ratio: CD/CL

rnD Propulsive efficiency: PE/PD
Il-t

nH Hull efficiency: 1-t
I -wT

Os  Blade skew angle in degrees

Q Fluid density: 0 = 1.9905 lb-sec2/ft 4 for salt water at 59°F (15°C)
1.9384 lb-sec2/ft 4 for fresh water at 590F (150C)

Qp Density of propeller material

PA + Qg(H- r) - Pv
Section cavitation number: VVzV r

Pitch angle at local radius r: = tan- t

ix
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ABSTRACT

The design of a fixed-pitch propeller for
the U.S. Navy's auxiliary oiler AO-177 JUMBO
is presented. The jumboized AO-177 represents
the AO-177 class with a 108 foot parallel-mid-
body section inserted. The design process is
discussed in detail including considerations
of cavitation and propeller-excited vibratory
forces. The objective was to design a propel-
ler which provides an increased thrust and
improved cavitation performance compared to
the existing propeller. The speed at full
power (24,000 shp) was predicted to be 20.81
knots. The sustained speed was predicted to
be met at 5 percent less than design sustained
power. The thrust breakdown criteria of 10
percent speed margin on back bubble cavitation
at full power was calculated to be met. Cal-
culations predicted that, at full-power design

condition, the final 5-bladed propeller with
diameter of 21.0 feet will produce unsteady

thrust and torque of 2.5 and 1.8 percent of
the design thrust and torque, respectively.
At full-power design conditions, stresses
throughout the blades are calculated to be
well below the allowable limit of 12,500 psi.

ADMINISTiATIVE [FORMATION

This project was carried out for the Naval Sea Systems Command (NAVSEA)

under Work Request N00024-86-WR-10462. The work was performed at the David

W. Taylor Naval Ship Research and Development Center under Work Unit Number

1-1544-405.

INTRODUCTION

The Naval Sea Systems Command (NAVSEA) requested the David W. Taylor

Naval Ship Research Center (DTNSRDC) to design a propeller for the naval

auxiliary oiler, AO-177 JUMBO. The AO-177 JUMBO represents the AO-177

class with a 108-foot (32.92 m) parallel-middle-body section inserted to

the original configuration (see Figure 1). As a result, the full-load

displacement has been increased from 27,380 to 37,575 long tons. The
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existing 24,000 shp propulsion machinery plant is to be retained. A new

propeller design is required to provide the increased thrust and cavitation

performance comparable to or better than that of the existing AO-177. In

addition, the propel ler-induced unsteady shaft forces and moments must not

* exceed allowable limits as determined from machinery vibration analysis.

The AO-177, first of a new class of Naval Auxiliary Oilers, was the

subject of extensive investigations several years ago in relation to the

high levels of airborne noise, heavily localized vibration and initial-

stage erosion damage on its highly-skewed, seven-bladed propeller during

builder's trials [11*. These undesirable effects were mainly due to the

f ine stern shape providing a large deficit in the axial velocity in the

vicinity of the top of the propeller plane.

Among several options to improve the stern flow, different flow-

improving stern fins were extensively studied [2,3]. Based on the improved

performance of the blade-rate hull pressure, the flow-accelerating fin (see

Figure 2), which was designed by the Maritime Research & Consulting (SSPA)

in Sweden, was selected as the final design modification for installation

on the ship. The flow-accelerating fin configuration proved to be effec-

tive in reducing blade-rate hull surface pressure excitation due to reduc-

tion in propeller cavitation through an improvement of the magnitude and

steepness of the nominal wake. it also produced a significant reduction of

airborne noise on the ship to levels within the specifications [1).

This report presents the design procedure and rationale which led to

the final geometric configuration of a 5-bladed propeller with a 21-foot

(6.4 m) diameter for the AO-177 JUMBO. The following sections describe the

specified design conditions, the pertinent information used as input to the

*References are listed on page 82.
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design problem, the design procedure, performance prediction, and a summary

of the final design geometry.

PROPELLER DESIGN REQUIR E TS

The design requirements for the AO-177 JUMBO propeller were provided

by NAVSEA. The primary performance requirement is cavitation performance

which is to be comparable to or better in terms of propeller-induced

vibration/noise relative to the original AO-177 propeller. The sustained

speed should be a minimum of 18.8 knots (9.67 m/sec) at 80 percent of the

maximum shaft power of 24,000 SHP (17,897 kW). The propeller rotational

speed is required to be 100 rpm at full power (24,000 SHP). From the

geometry of the ship stern, the propeller diameter was specified as 21 feet

(6.4 m). The depth of submergence of the shaft centerline in calm water is

22 feet (6.71 m) with even keel condition. The maximum acceptable blade-

rate forces and moments are less than 2.5 percent of the mean loads. The

vibration study showed little obvious preference between five and seven-

bladed propellers [41. Since the experiments at SSPA [51 indicated that

five-bladed propeller produced less cavitation induced hull pressure, it

was decided that the new propeller will have five blades. The details of

the design requirements specified by NAVSEA are presented in Appendix A.

WAKE SURVEY AND MODEL PROPULSION EXPERIMENTS

Wake survey, resistance, and self-propulsion tests were conducted in

the towing tank of Tracor Hydronautics, Inc., using a model representing the

AO-177 JUMBO with a scale ratio of 25.682. The wake was measured at model

conditions corresponding to design draft, zero trim and model speed equiva-

lent to 19 knots full-scale. The model was equipped with the flow-accele-

rating fin designed by SSPA. The measured values of the circumferential

3



variations in the axial, tangential and radial velocity components at five

nondimensional radii; 0.41, 0.55, 0.65, 1.04 and 1.14 are shown in Figure

3.

From these data, similar results were obtained for other radii by

interpolation. The sign conventions for the velocity components are as

follows: the axial velocity is positive downstream, the radial velocity is

positive inward and the tangential velocity is positive clockwise when

looking downstream. The circumferential average of the axial and tangen-

tial velocity components* and the mean and variation of the angle of

advance are summarized in Table 1, and the same data are presented graphi-

cally in Figures 4 and 5. Figure 6 shows the comparison of the circum-

ferential mean axial velocity for the original and jumboized AO-177. The

volume mean wake for AO-177 JUMBO was reduced from 0.761 to 0.703. The

reduction occurred more or less uniformly from the hub to the tip.

Subsequently, the harmonic content of the circumferential variations

were computed by Fourier analysis. The results of Fourier analysis up to

the 8th harmonic are presented in Table 2. More detailed wake survey

results will be presented in a separate report. The resistance and self-

propulsion tests were carried out with the seven-bladed propeller (DTNSRDC

Propeller 4677) designed for the original AO-177. The powering data for

both full-load and ballast conditions necessary for propeller design were

provided by NAVSEA and are presented in Tables 3 and 4, respectively. The

effective power in the tables includes still air drag but no power margin.

The powering data for full-load condition were based on the model tests at

Tracor Hydronautics, Inc. The data for ballast condition were estimated.

*The radial velocity component was not available during the design period,
and thus not used in the present design.
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PROPELLER DESIGN

REVIEW OF PREVIOUS DESIGNS

The original seven-bladed propeller for AO-177 was designed by Valen-

tine and Chase [6]. This propeller has relatively short chord lengths,

especially near the tip, which might have contributed to the observed

adverse cavitation behavior. Although this propeller has 45 deg of pro-

jected skew angle at the tip, the narrow chord lengths near the tip appear

to reduce the tendency of skew to reduce cavitation [7, 8] by reducing the

sweepback angle of the leading edge. The full-scale cavitation observed

on the AO-177 propeller showed a two-dimensional character indicative of

the narrow blades.

As a possible solution in the event the flow-accelerating fin did not

solve the excessive propeller induced airborne noise and propeller erosion

problems, Jessup [9] designed a five-bladed propeller for the ship fitted

with the flow-accelerating fin. Jessup incorporated some basic modifica-

tions to the original design in an attempt to improve performance related

to blade cavitation. He increased the chord lengths and incorporated large

skew variation near the tip. From the standpoint of unsteady thrust and

torque, a five-bladed propeller is not the best choice. As shown in Figure

7, the magnitude of the 5th harmonic of the axial wake velocity is the

largest. This large 5th harmonic component of the axial wake will induce

large blade-frequency thrust and torque. However, after careful considera-

tion of other aspects such as a possible hull resonance problem and accep-

table geometry, a five-bladed design was selected as the best compromise

between the primary design objective and the various constraints. Jessup's

redesign, however, was not subjected to experimental evaluation since the

5
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flow-accelerating fin was accepted as the final design modification to the

existing hull.

The basic philosophy of the current design for the jumboized ship

follows closely that of Jessup, except for more extensive efforts in the

present design to consider the different design requirements.

DESIGN CONDITIONS AND PROCEDURE

fhe propeller was designed for the full-power condition of 24,000 shaft

horsepower at 100 rpm. The design input was based on the full-scale

extrapolation of model-scale results from a wake survey and resistance and

propulsion experiments. The model-scale results were obtained at full-load

condition using a stock propeller. The extrapolation was performed for the

ship with clean hull in calm seas with a correlation allowance of 0.0005;

still air drag was included but the powering margin was not included (see

Table 3).

Figure 8 presents a schematic representation of the design procedure

adopted in the current design. The propeller was designed in six phases,

namely:

(a) Preliminary Design: In this phase estimates are made of number

of blades, diameter, blade area ratio and blade outline. These estimates

are made so that at the design conditions the propeller is compatible with

the ship and the propulsion machinery from the standpoint of efficiency and

vibration. In the current design, the number of blades and propeller

diameter were specified as part of the design requirements. Due to reduced

clearance with the fin and other constraints, the diameter had to remain at

21 feet (6.4 m) which is the same as the original AO-177 propeller dia-

meter.

'6



(b) Lifting-Line Design: In this phase the radial load distribution

and the radial hydrodynamic pitch distribution are computed using Lerbs

induction factor method [101. These radial distributions of load and pitch

will be input to lifting-surface calculations. Lifting-line calculations

are made based on the initial geometry selected in phase (a).

(c) Propeller Global Geometry: In this phase the initial EAR, blade

chord length and thickness distributions are refined by considering

various hydrodynamic as well as structural aspects such as cavitation,

thrust breakdown, erosion, and blade strength. Lifting-line calculations

are repeated for different geometries as the refinement procedure goes on.

(d) Lifting-Surface Design: In this phase the final geometric pitch

and camber distributions are determined using the lifting-surface design

procedure of Greeley and Kerwin [ll].

(e) Design Check: In this phase the unsteady forces and moments are

calculated and compared with the design requirements. If the predicted

values do not meet the design requirement, the skew distribution is modi-

fied. In general, larger skew will induce smaller vibratory forces and mo-

ments while producing larger blade stress. Therefore, the skew distribu-

tion must be optimized considering both the vibratory forces and the blade

stresses. Since the skew distribution will affect the resulting pitch and

camber distribution, the lifting-surface design procedure must be repeated

for each new skew distribution. In this phase the design propeller is

also reviewed to check the off-design performance and to summarize the

final design predictions in terms of required speed margins and other

specified constraints.

(f) Final Design Geometry: In this phase, the final propeller off-

sets are determined including the leading and trailing edge details, addi-

tional thickness to be added to the trailing edge where required, and

7



detailed tip geometry. These offsets will be the basis for manufacturing

the model and full-scale propellers.

To reduce blade cavitation, propeller-induced hull forces and propel-

ler erosion problems, a variety of geometry changes were incorporated in

the current design. These changes are summarized as follows:

1. Reduced loading near blade tip [12]: In general, reduced loading

near the blade tips will reduce the amount of cavitation at the price of

reduced propulsive efficiency. This is routine practice in use at DTNSRDC

to improve the cavitation performance. Propeller-induced hull forces may

be reduced; however, the effect of tip unloading on cavitation erosion and

cavity collapse is not fully understood. In some cases, tip unloading

produces undesirable unstable cavity collapse.

2. Increased chord length [131: A substantial change in this parame-

ter could be achieved because of the abnormally short chord length at the

outer radii on the existing propeller. Increasing chord lengths would

reduce the loading per unit area on the blades, thus reducing the possibi-

lity and extent of cavitation. Increasing chord lengths will also decrease

the propeller efficiency due to increased drag. Reducing the number of

blades for the same expanded area ratio (EAR) would produce wider blades,

possibly causing an increase in three-dimensional cavity structure, and

reduced violence of collapse.

3. Large skew variation near the tip: A large variation (gradient)

in projected skew angle near the blade tip will produce a highly swept tip.

This type of blade outline, when heavily loaded in the wake peak, may

induce turbulent separation along the leading edge extending to the blade

tip [9]. If this occurs, then cavitation which forms along the leading

edge will be convected into the tip vortex and off the blade. It is

8



believed that blade cavitation collapses gently off the blade when it

merges with the tip vortex. This process has been observed by Jessup [91

and on the five-bladed stock propeller evaluated on the AO-177 model hull

at SSPA [51. This type of blade outline has been successfully adopted with

control lable-pitch propellers for commercial ship applications and has

produced significant reductions in propel ler-induced hull vibration [141.

4. Increased thickness [15]: Increasing thickness will result in an

increased margin against leading edge cavitation due to a wider cavitation

bucket. However, this will be accomplished at the price of earlier onset

of back bubble cavitation, and possibly thrust breakdown.

DESIGN WAKE

One of the essential pieces of information for propeller design is

the ship's wake in which the propeller will be operating. The need for a

complete knowledge of the ship's wake is not limited to the calculation of

propulsive efficiency. The prediction of full-scale thrust, torque,

delivered power, and shaft rotational speed, as well as cavitation and

vibration performance, all depend upon the accuracy of the prediction of

the full-scale wake field.

In general, the inflow to the propeller is measured in the towing tank

or wind tunnel bepind a ship model without a propeller in place. This wake

is cal led the nominal wake. Two aspects must be considered for proper

propeller design; the effect of full-scale Reynolds number on the full-

4 scale nominal wake and the effect of propeller action on the wake.

The effect of different Reynolds number, or scale effect, between the

model and full-scale ship wake should be properly accounted for since the

designed propeller will be operating behind a full-scale ship. Scale

effects are more important for naval auxiliary-class ships where the pro-

9



peller operates in the boundary layer of the ship hull than for surface

combatants where the propeller shafts are inclined so that the propellers

operate primarily in the potential flow outside of the ship's boundary

layer.

However, the correlation between the model and full-scale performance

of the original AO-177 as fitted with the flow-accelerating fin indicated

that there were negligible scale effects up to a ship speed of 21 knots

[161. In other words, the predicted shaft power and propeller rpm based on

the standard DTNSRDC prediction method [171 showed good agreement with

full-scale measurements. Based on this favorable correlation, it was

agreed between DTNSRDC and NAVSEA that the propeller would be designed

using the measured model nominal wake with an appropriate adjustment for

the effective wake.

When a propeller operates behind a ship, the inflow to the propeller

is changed due to the action of the propeller. The propeller accelerates

the flow over the stern, this results in a decrease in the pressure, which

in turn changes the boundary layer characteristics. This inflow is 'loose-

ly' called effective wake. Although one can use the method of Huang, et

al, [181 in an attempt to calculate the effective wake, a simple average-

correction method was used in the present design. This method has proven

reasonably successful in the past for obtaining the desired ship speed and

shaft rpm at design power. The nominal wake was scaled up to the value of

the effective wake, l-wT , obtained from the propulsion experiment based on

the thrust identity:

(Vx/V) = (V/V) ) ()
Corrected Nominal (I - wv)

where Vx/V is the nondimensional circumferential mean axial velocity compo-

10



nent from the wake survey, and 1-wv is the volumetric mean nominal wake.

The measured model nominal and corrected velocity distributions are

presented in Table 5. For the final propeller design, the corrected

model-scale wake distribution was used.

LIFTING-LINE DESIGN

Based on the geometry, ship wake and powering characteristics, a

preliminary design was developed using a lifting-line model to calculate

the ship speed, effective power, blade lift coefficients at design condi-

tion, and other information necessary for lifting-surface design. The

lifting-line computer code used in this report was EPPD (Extended Propel-

ler Preliminary Design) developed by Kim [191. EPPD is equivalent to the

combination of two of the existing lifting-line codes in use at DTNSRDC,

LL106 [20] and CIRC [211. The input to EPPD can be either hydrodynamic

pitch angle or circulation.

When predicting the propeller performance, viscous effects are in-

cluded in EPPD by specifying the sectional drag coefficient CD. A CD value

of 0.0085 usually gives reasonable estimates of model propeller drag. For

propellers having thicker blades, the following empirical equation [22, 231

will give a better estimate of the section drag coefficient:

CD - CF [ I + 1.25 (t/c) + 125 (tlc) 4 1 (2)

where CF is the skin friction coefficient of a smooth flat plate. The

value of CF varies from 0.004 for a Reynolds number of approximately 108 to

0.008 for Reynolds number of approximately 106. In the present design, a

constant CD value of 0.0085 was used for all radii.

A provision was made in EPPD to compute the maximum camber distribu-

11



tion fM/c for MACA a-0.8 meanline shape. In linear theory, the maximum

camber (fM/c) is proportional to the local lift coefficient CL assuming

that the propeller operates at an ideal angle of attack. Abbott and Von

Doenhoff [22] (page 402) shows that at design lift coefficient of 1.0, the

maximum camber-to-chord ratio is 0.0679. Therefore, for an arbitrary lift

coefficient, the maximum camber-to-chord ratio will be:

fM/c - 0.0679 CL (3)

where CL is the local lift coefficient defined by:

Lift 2 T G
CL = ----------- -------------- (4)

j_(/2) v 0 rC (c/D)(Vr/V)

Circulation Distribution

Four circulation distributions were investigated as shown in Figure 9.

The corresponding hydrodynamic pitch angle (tana ) and the pitch (1Txtanj

distributions are shown in Figure 10. The Lerbs optimum circulation

distribution, designated Go , and the three different circulation distri-

butions were investigated to serve as a guide to select the degree of tip

unloading. Lerbs optimum is an estimate of the circulation distribution

which will produce the highest efficiency for a wake-adapted propeller.

This would be a logical circulation distribution for an application in

which there are no cavitation or vibration problems.

How much of the circulation should be unloaded near the tip depends on

the design requirement. There is no objective guideline to determine the

amount of tip unloading. In general, it is determined by designer's expe-

rience. In the present design, the degree of tip unloading was defined as

the ratio of the unloaded circulation value to Lerbs optimum circulation

12
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value at 0.95 radius. This definition will serve as a useful guide for

future designs.

Two circulation distributions, Gl and G2, were obtained by unloading

the tip and the circulation distribution, G3, was obtained by adding more

loads to the optimum values. The ratios (Gl/Go), (G2/GoY and (G3/Go) at

0.95 radius are 0.79, 0.85 and 1.08, respectively. The greater the tip

unloading, the greater the potential improvement in suction-side cavita-

tion, vibration and strength, but the greater the reduction in ship speed

at design power and the increased possibility of pressure-side cavitation.

Table 6 shows the comparison of speed and propulsive efficiency pre-

dicted by the lifting-line program at full power (24,000 SHP at 100 rpm)

for the various load distributions for a propeller diameter of 21 feet. In

this preliminary calculation, the thickness and chord length distributions

were taken from Jessup's design.

An interesting result was obtained in that the propulsive efficiency

for G3 is higher than that of Lerbs optimum efficiency! Similar results

were also found recently by Brockett and Korpus [241 and by Kerwin, et al

[251. The question of whether this is physically correct or not is beyond

the scope of the present design effort. However, three independent calcu-

lations confirmed that the tip-loaded circulation distribution produced

higher efficiency than Lerbs optimum value. Since the practical consequen-

sea of the tip-loaded propeller is not clear (see Holden [261), the in-

crease in efficiency is only of academic interest. Load distribution G2

was selected as the final circulation distribution which represents a

calculated sacrifice in ship speed at full power of 0.11 knot as compared

to the Lerbs' optimum case.

13



Chord Length and Thickness Distribution

Next, the detailed blade geometry is selected (phase c); that is, the

radial distribution of chord length, expanded area ratio, and radial disti-

bution of thickness. Each of these should be carefully selected to pro-

vide adequate blade strength and simultaneously minimize the tendency

towards cavitation erosion. In addition, propeller efficiency must not be

materially sacrificed.

Burrill's cavitation criteria [271 indicated that for maximum 2.5

percent back cavitation the minimum EAR should be 1.07, whereas Keller's

criteria t281 showed 0.79. The procedure to compute the minimum EAR based

on both Burrill's and Keller's criteria have been implemented in the lift-

ing-line code EPPD. Greater blade width generally increases strength,

reduces the probability of cavitation but reduces speed for the same power

due to increased viscous drag.

Since the shape of the chord length distribution (c/D) of Jessup's

design produced an EAR of 0.819, it was decided to use the same chord

length distribution in the present design. Figure 11 shows the chord

length distribution for the current design together with that of the origi-

nal AO-177 propeller. The new chord length has been increased substan-

tially compared to the original one.

The thickness was selected based on strength, cavitation considera-

tions and restrictions on the blade weight. The cavitation predictions

indicated that substantial leading-edge sheet cavitation would occur for

both the original 7-bladed propeller and the 5-bladed propeller designed by

Jessup. Although the leading-edge sheet cavitation appears to be unavoida-

ble for this ship, it could be improved by changing the thickness distribu-

tion.
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Several different thickness distributions were investigated in rela-

tion to cavitation and strength performances. Starting from Jessup's

thickness, new thickness distributions were obtained by adding thickness

gradually from 0.4 radius to the tip. For each thickness distribution, the

lifting-line code LL106 was run to compute blade weight, which was then

compared to the design requirement specified as maximum weight of 56,400

lbs from LL106 calculation. For each thickness, blade surface cavitation

characteristics were also computed by using two-dimensional theory. The

cavitation performance for different thickness distributions will be discu-

ssed later in this report.

Figure 12 shows the three thickness distributions evaluated. The

thickness distribution, designated T3, was selected as the final thickness.

T3 has the maximum thickness near the tip region which satisfies the blade

weight requirement. The final thickness near the tip was thicker than

Jessup's by 75 percent. The maximum stress predicted by using simple beam

theory incorporated in LL106 was 6,371 psi, which is well below the allow-

able limit of 12,500 psi.

Table 7 shows the output from EPPD at the full power design condition.

The output consists of circulation, induced velocities, section cavitation

number, lift coefficients, ideal angle of attack, maximum camber and fac-

tors estimating local angle of attack and propeller performance. The

predicted ship speed at the full power design condition is 20.62 knots at

rpm of 100 at an advance coefficient J of 0.771.
A

LIFTING-SURFACE DESIGN

The final pitch and camber distributions corresponding to the selected

load distribution, skew distribution, and other geometry from lifting-line

computations were determined from lifting-surface computations using the

15



computer code PBD-1O developed by Greeley and Kerwin [ll. A description

of the theory is given in Reference [111 and a detailed user's instruction

for the code is presented by Kerwin [29].

The pitch and camber distributions were obtained by an iterative

process starting with a coarse singularity grid arrangement on the blade,

and progressing to a finer grid arrangement. For the first three itera-

tions, an 8x9 element grid arrangement was used for the key blade, and 4x9

elements were used for other blades. For the final iterations, a finer

grid arrangement of 16x35 elements was used on the key blade, while a 4x9

element grid was used on other blades. From sensitivity analysis, a grid

arrangement with 16x35 elements on the key blade and 4x9 elements on other

blades should be sufficient for a conventional open propeller design [Ill.

Unsteady Forces and Skew Distribution

The skew distribution was determined to satisfy the requirements of

unsteady forces and the blade strength. Three skew distributions were

tested for this purpose; zero skew, 36-degree tip skew v.rying linearly

from zero at the hub, and 40-degree tip skew from Jessup's design (see

Figure 13). For each skew distribution, lifting-surface calculations were

performed using PBD-10 to determine the corresponding pitch and camber

distributions.

The skew distribution has a direct influence on the pitch distribution

calculated by lifting-surface procedures. Figure 14 shows a comparison of

the pitch distributions calculated by PBD-10 for zero skew and 40-deg tip

skew while keeping all other geometric parameters identical. The 40-deg

tip skew reduces the pitch near the tip substantially. The pitch distribu-

tion for no skew is very similar to the lifting-line pitch distribution

16



7T x tana) This is not su rprising because the lifting-line theory does

not account for the skew effect. Skew also has an influence on camber but

to a much lesser degree than on the pitch.

Once the pitch and camber distributions were determined, the fluctua-

ting forces and moments were calculated for each design with different skew

distribution by using the unsteady lifting-surface code PUF-2 developed

by Kerwin and Lee [301. In Table 8 the blade-frequency (5th harmonic)

thrust and torque values are compared for different skew distributions.

The blade-frequency thrust and torque values were reduced with an increa-

sing skew. The predicted blade-frequency thrust and torque values were

5.80% and 5.38% of the design thrust (KT=0.2 8 7) and torque (KQO .0558)

values, respectively, for a propeller with zero skew and were reduced to

2.49% and 1.81%, respectively, for a propeller with a 40-degree tip skew.

The design requirements on unsteady shaft forces and moments are equivalent

to allowing maximum unsteady forces and moments of about 2.5% of the mean

values. Therefore, the 40-degree tip skew distribution shown in Figure 13

was selected as the final skew distribution.

Final Pitch and Camber Distribution

Tables 9 and 10 present the computed radial distribution of pitch and

camber, respectively, at each iteration for the final tip skew of 40 deg-

rees. Figures 15 and 16 show the final values of pitch and camber distri-

bution after six iterations, together with the lifting-line values.

In general, the pitch and camber calculated by PBD-10 are not smooth,

as shown in Figures 15 and 16. Thus, in practice the computed values are

faired to give a smoother radial variation in pitch and camber distribu-

tions without affecting hydrodynamic performance. From these calculations,

it is recommended that at least 2 iterations should be made using the finer

17
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grid arrangement in order to obtain a reasonably converged solution.

Since the very low pitch near the tip might render the blade suscepta-

ble to pressure-side cavitation, the flow field near the tip was investi-

gated by using the unsteady lifting-surface code PUF-2. The computed

angle of attack near the leading edge at 0.92 radius showed somewhat large

negative values when the blade passes the area where the axial inflow

velocity is high; i.e., near 156 degrees and 270 degrees at the 0.92

radius. Based on this investigation, the pitch near the tip was increased

to reduce the negative angle of attack by about 2 degrees based on the

flow field computation. This increased pitch represented by the solid

line in Figure 15 was selected as the final pitch distribution. The final

geometry of AO-177 JUMBO propeller is summarized in Table 11 at 11 standard

radial stations.

It is to be noted that the KT and KQ values computed by the lifting-

surface code PBD-10 are higher than the lifting-line values by 4.5% and

2.2%, respectively, for the same radial distribution of circulation. The

same tendency was reported by Greeley and Kerwin [111. At present, it is

not known what causes the discrepancy.

PERFORMANCE PREDICTION

BLADE SURFACE CAVITATION

In order to select a blade shape for best cavitation characteristics,

use was made of theoretically predicted cavitation inception data for two-

dimensional sections [151. The cavitation inception characteristics are

presented by plotting the angle of attack variation with cavitation number

on the minimum pressure envelopes, commonly called "cavitation bucket", for

18
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prescribed thickness and meanline distribution; the NACA 66 (NSRDC modi-

fied) thickness distribution and the NACA a-O.8 meanline in the present

design. The procedure has been incorporated in the computer code VAFOIL

(Platzer, 1981). The insides of the "buckets" are cavitation-free regions.

The top and bottom of the buckets where the curve is roughly parallel to

the horizontal axis (cavitation number) indicate leading-edge suction side

(back) and pressure side (face) cavitation, respectively. In the region

roughly parallel to the vertical axis (angle of attack), the minimum pres-

sure occurs near the midchord which causes back bubble cavitation.

From the wake survey, the range of advance angle, ( U+ Amax) to (T

- A~min), and cavitation number experienced by each blade section during

one revolution can be calculated. If a propeller is designed to operate at

an ideal angle of attack ti the operating angle of attack a can be

approximated by [311:

= ai - F(x) [ - (9)

where B is the local advance angle and Tis the circumferential mean

advance angle, both at design condition. In Equation (9),

1
F(x) = - (10)

1 + 2/Ae

where Ae is the effective aspect ratio at the design condition defined by:

6 A- CL
Ae ffi- (11)

, tan( C -

A study of these curves will immediately reveal a tradeoff choice,

namely, that by the selection of t/c it is often possible to achieve

increased latitude against leading-edge sheet cavitation due to fluctuating
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angle of attack at the price of earlier onset of back bubble cavitation at

or near ideal angle of attack.

In the present design, the thickness distribution was selected by

considering primarily the blade cavitation and the weight requirement.

Figure 17 shows the cavitation buckets calculated by VAFOIL at design

condition for the three different thickness distributions which were inves-

tigated (see Figure 12). The thickness distribution, T1 is Jessup's

thickness [91, and T2 and T3 are the variations of Tl obtained by adding

additional thickness near the tip region. The thickness to chordlength

ratio (tic) at the tip* for TI, T2 and T3 are 0.026, 0.051 and 0.046,

respectively.

Figure 17 clearly indicates that a thicker blade section has a wider

bucket and is less susceptible to leading-edge sheet cavitation. Figure 18

shows the inception speeds for various types of cavitation; namely suction

and pressure side sheet cavitation starting from the leading edge and back

bubble cavitation as a function of radius. The inception speed of the

leading-edge sheet cavitation increases with increasing blade thickness

while sacrificing the inception speed for back bubble cavitation. By

changing the thickness from Tl to T3 (final), an approximate gain in the

inception speed margin of the leading-edge sheet cavitation is about 3

knots, with similar sacrifice in the back bubble cavitation inception

speed. However, since the inception speed of back bubble cavitation is out

of the range of the ship operating speeds, it is of less practical impor-

tance,

*Since the chordlength is zero at the tip, t/c becomes infinity at the very
tip. However, by extending t/c value smoothly, say from 0.95 radius to the

- tip, it gives an indication of how thick the blade is near the tip region.
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OPEN-WATER PERFORMANCE

The open-water performance of the design propeller was predicted by

using lifting-surface computer code PSF-2 developed by Greeley and Kerwin

[111 based on the discrete vortex/source element method. A constant sec-

tion drag coefficient of 0.0085 was used in the computation. Figure 19

shows the computed KT and KQ values as a function of advance coefficient

J. At lower advance coefficients where the loading is high, the conver-

gence of the wake alignment process in the computation was very slow. At

J=0.2, the wake alignment process failed to converge. Thus, the values for

KT and KQ were extrapolated to J=0.2.

At the design advance coefficient JA of 0.770, KT and KQ values were

0.303 and 0.0597, respectively. The thrust coefficient is almost identical

to the design value from the lifting-surface code PBD-10 but the torque

coefficient is about 4.7% higher than that from PBD-lO. The discrepancy is

presumably due to the increased pitch near the tip region.

PREDICTION OF DELIVERED POWER AND RPM

Once the propeller open-water performance and the ship powering

characteristics are known, the propeller rotational speed and the delivered

power can be estimated assuming that the propeller/hull interaction

coefficients, (l-t) and (l-wT), are same for both the stock and the design

propellers.

For a given ship speed V, the advance coefficient J can be obtained

from the intersection of KT/j 2  curve and the propeller open-water curve

(KT versus J). From this J the propeller rotational speed can be computed

as follows:
V (l-wT)

n = (12)
JD
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The delivered power PD can be obtained from the effective power PE and

the estimated propulsive efficiency V:

ID= nF/r (13)

The propulsive efficiency is obtained from the propeller open-water

efficiency %i, relative-rotative efficiency PR , and the hull efficiency r"H

r'D "0 R N(14)

The estimated propeller RPM and the delivered power at both full-load

and ballast conditions are summarized in Table 12 and are presented graphi-

cally in Figures 20 and 21. For each loading condition, two curves are

shown; one for no EHP margin and the other for a 6% EHP margin. At full

power design condition, the estimated ship speed is 20.81 knots and propel-

ler RPM is 99.5. These values are close enough to the design speed of

20.62 knots and RPM of 100. At 80% full power with 6% ERP margin, the

estimated ship speed is 19.13 knots, which meets the design requirement of

18.8 knots.

FINAL DEI GN GEOMETRY

The final geometric properties necessary for manufacture, including

the details of the leading and trailing edges, were obtained by fairing the

basic data at 11 standard radial stations (see Table 11) at each 2.5

percent of propeller radius from hub to 95 percent radius and at each I or

less percent of propeller radius from the 0.95 radius to the tip.

It is a common practice to add extra thickness in the trailing-edge

region in order to ensure adequate strength. The amount of the extra

thickness is determined somewhat subjectively. In the present case, the

extra thickness was added such that the trailing-edge thickness would be at
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least 0.4 inches from the hub to the 0.85 radius. In the region from 0.85

radius to the tip, the trailing edge was thickened to about 10 % of the

maximum thickness at a given radial section. In the region from the hub to

the 0.6 radius, the basic thickness at the trailing edge was already

thicker than 0.4 inches, thus no additional thickness was added. For a

given radius, the additional thickness is added from the maximum thickness

location to the trailing edge.

After thickening the trailing edge, the standard trailing edge details

currently in use at DTNSRDC were incorporated. Near the hub (0.2 < r/R <

0.3), a round trailing edge is employed so that lifting slings can be used

to move the propeller. In the round trailing-edge region, the trailing-

edge radius was taken as the half thickness (including the additional

thickness if any) of the blade at the trailing edge. Further out along the

radius of the blade, hydrodynamic considerations are more important and an

anti-singing trailing edge is specified. This region is called the

'knuckle region'. In this region the trailing-edge radius was taken as

1/64 inch or one tenth of the trailing-edge thickness, whichever is

smaller.

The final offsets of the full-scale propeller are shown in Table 13.

In this table, the trailing-edge details such as rounding and anti-singing

knuckles are not included for simplicity. Figure 22 shows the manufactu-

ring drawing of the model propeller based on the final offsets in Table 13.

OPEN-WATER AND POWERING EXPERIMENTS USING DESIGN PROPELLER

Based on the offsets shown in Table 13, an aluminum model propeller

(OTNSRDC Propeller 5027) was manufactured at SSPA in Sweden. In Figure

23, experimental and predicted open-water performances are compared. The

predicted KT and KQ values from the lifting-surface code PSF-2 are in good
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agreement with the experimental values near the design advance coefficient

of 0.77. For J values larger than 1.0, the predicted KT and KQ values are

substantially higher than the experimental values.

The powering experiments were carried out at DTNSRDC using Model

5326-2 with design Propeller 5027. Preliminary predictions* of full-scale

powering performance for AO-177 JUMBO, based on model tests with the design

propeller, are presented in Figures 24 and 25 for full-load and ballast

conditions, respectively. At each loading condition, predictions were made

for two cases with and without power (PE) margin.

It is disturbing that the preliminary effective power data at full-

load condition measured at DTNSRDC (see Table 15) and at Tracor

Hydronautics (see Table 3) are somewhat different; at the design speed of

20.8 knots, the DTNSRDC PE value is about 4.5 % lower than that of Tracor

Hydronautics. Although exact cause of the difference is not known, the

difference in trim condition might be one source of the discrepancy; i.e.,

the experiments at Tracor Hydronautics were made at 1.5 feet trim by bow

whereas at DTNSRDC the experiments were conducted with an even keel condi-

tion.

This difference in effective power will affect the speed and rpm. For

example, at a ship speed of 21 knots, the DTNSRDC PE requires the propeller

to rotate about 1.5 rpms lower than the Tracor Hydronautics PE' At full

power, however, the ship speed and propeller rotational speed for the

DTNSRDC PE are higher by about 0.2 knot and 0.0 rpm.

Table 14 compares the performance predictions made before and after

the design propeller was built and tested. The early-stage predictions are

*The predictions were made and provided by Code 1521, DTNSRDC via

Memorandum dated 9 October 1986.
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in excellent agreement with final predictions. The propellre shaft speed

is off by 0.5 rpm from the design value of 100. This excellent agreement

is mainly due to the fact that the propeller/hull interaction coefficients,

l-t and l-wT, are in good agreement between the stock and the design

propellers and that the open-water performance have been predicted reasona-

bly well.

DISCUSSION

The results of the propulsion experiments proved that the AO-177 JUMBO

propeller is a successful design, satisfying all the design requirements.

The successful design may be mainly due to the fact that the propeller/hull

interaction coefficients, l-t and 1-wT, for stock and design propellers are

very close, especially near design speed (see Table 15). Although not

presented in this report, cavitation tests at SSPA, Sweden also proved that

the design propeller showed substantially improved performance in cavita-

tion and cavitation-induced hull pressure compared to the original AO-177

propeller.

Propeller design requires complex trade-offs to satisfy various design

requirements. Several assumptions are required at various design stages.

Perhaps the most important assumption regarding the powering performance is

the wake. The effective wake used in the design is obtained from model

tests with stock propellers in conjunction with whatever adjustment is

deemed appropriate to account for the differences in scale between model

and ship. In the present design, the model wake has been used in surface-

ship design, assuming there are negligible scale effects. Therefore, the

performance of the full-scale propeller at sea is very much dependent upon

how well the full-scale wake was predicted, as well as the quality of the

model-scale effective wake.
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The method of estimating the effective wake based on the nominal wake

is also worth mentioning. In the present design, the nominal wake has been

increased by a constant factor throughout the radii (see Equation (1)) to

obtain the effective wake. As a result, the amount of increase was larger

at the outer radii than at the inner radii. The predicted effective wake

for a body of revolution using a more rational approach [181 showed diffe-

rent behavior, i.e., the increase in the mean axial velocity is larger near

the hub than near the tip. Some parametric studies would be useful in

determining the differences in performance between designs using different

effective wake distributions.

It is to be noted that the KT and KQ values computed by the lifting-

surface code PBD-10 are higher than lifting-line values by 4.5% and 2.2%,

respectively, for the same radial circulation distribution. A careful

evaluation of PBD-10 is recommended to identify the source of the

discrepancy.
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Fig. 2. Illustration of flow-accelerating fin configuration designed by SSPA.
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Fig. 4. Radial distribution of circumferential average of axial, and tangential velocity components.
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Fig. 6. Comparison of circumferential mean axial velocity between original and jumboized AO-177.
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DESIGN REQUIREMENTS
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WAKE SURVEY
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Fig. 8. Design procedure for AO-177 JUMBO propeller.
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Fig. 10. Hydrodynamic pitch angle and lifting-line pitch distribution.
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Fig. 18. Inception speed of various cavitations for different thickness distribution.
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AO-177 JUMBO
FULL LOAD CONDITION
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Fig. 20. Predicted full-scale power and rpm of AO-177 JUMBO
at full load condition.
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AO-177 JUMBO
BALLAST CONDITION
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Fig. 21. Predicted full-scale power and rpm of AO-177 JUMBO at ballast condition.
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AO-177 JUMBO'
FULL-LOAD CONDITION
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0
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Fig. 24. Predicted full-scale power and rpm of AO-177 JUMBO at full load condition
based on design propeller experiments.
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AO-177 JUMBO
BALLAST CONDITION
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Fig. 25. Predicted full-scale power and rpm of AO-177 JUMBO at ballast condition
based on design propeller experiments.
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Table 2. (Continued)

A0177 (JUMBO) WAKE SURVEY DONE AT HYDRONAUTICS

PROPELLER DIAMETER a 21.00 FEET JV a 0.994

HARMONIC ANALYSES OF TANGENTIAL VELOCITY COMPONENT RATIOS (VT/V)

HARMONIC = 1 2 3 4 5 6 7 8

RADIUS - 0.410

AMPLITUDE a 0.0733 0.0077 0.0302 0.0071 0.0118 0.0034 0.0061 0.0018
PHASE ANGLE - 184.2 310.9 357.3 138.6 354.6 154.6 349.0 126.6

RADIUS - 0.550

AMPLITUDE a 0.1206 0.0058 0.0179 0.0032 0.0104 0.0064 0.0064 0.0048
PHASE ANGLE a 181.4 154.2 8.8 35.3 341.4 135.3 327.2 131.0

RADIUS - 0.650
AMPLITUDE * 0.1339 0.0173 0.0070 0.0050 0.0081 0.0045 0.0038 0.0053
PHASE ANGLE - 182.2 186.0 3.8 23.2 356.0 137.3 333.6 147.5

RADIUS - 1.040
AMPLITUDE • 0.1441 0.0559 0.0270 0.0128 0.0149 0.0090 0.0101 0.0055
PHASE ANGLE = 176.5 172.7 175.8 176.0 165.2 170.1 165.7 173.0

RADIUS - 1.140
AMPLITUDE * 0.1380 0.0555 0.0233 0.0093 0.0078 0.0012 0.0009 0.0067
PHASE ANGLE • 175.6 171.3 174.8 177.6 166.6 186.9 273.3 338.6

RADIUS - 0.200
AMPLITUDE * 0.0642 0.0502 O.0498 0.0325 0.0204 0.0154 0.0130 0.0090
PHASE ANGLE a 341.8 277.0 331.5 151.2 49.0 293.6 81.4 285.4

RADIUS = 0.300
AMPLITUDE * 0.0167 0.0254 0.0395 0.0184 0.0139 0.0051 0.0065 0.0029
PHASE ANGLE - 222.7 287.8 344.3 149.1 23.6 278.1 45.1 283.4

RADIUS - 0.400

AMPLITUDE = 0.0687 0.0089 0.0310 0.0079 0.0118 0.0030 0.0059 0.0015
PHASE ANGLE = 184.8 307.8 356.2 140.6 356.7 160.2 352.5 128.5

RADIUS = 0.500
AMPLITUDE 0 0.1075 0.0016 0.0226 0.0025 0.0111 0.0060 0.0067 0.0041
PHASE ANGLE = 181.7 115.0 5.7 79.7 342.5 137.5 330.8 126.6

RADIUS - 0.600
AMPLITUDE * 0.1278 0.0113 0.0123 0.0044 0.0093 0.0053 0,0051 0.0050
PHASE ANGLE - 182.0 179.9 6.8 26.1 348.6 135.6 330.4 140.2

RADIUS - 0.700
AMPLITUDE 0.1382 0.0258 0.0018 0.0019 0.0014 0.0079 0.0029 0.0094
PHASE ANGLE - 181.1 180.7 155.9 101.7 52.2 155.3 172.2 158.4

RADIUS - 0.800
AMPLITUDE * 0.1441 0.0397 0.0153 0.0081 0.0104 0,0126 0.0118 0.0142
PHASE ANGLE - 179.3 176.6 175.3 167.7 160.8 164.2 164.3 164.0

RADIUS - 0.900
AMPLITUDE - 0.1466 0.0495 0.0238 0.0123 0.0160 0.0137 0.0151 0.0141
PHASE ANGLE - 178.0 174.7 176.1 173.2 163.8 167.3 163.9 166.4

RADIUS a 1.000
AMPLITUDE * 0.1455 0.0550 0.0271 0.0133 0.0163 0.0110 0.0126 0.0089
PHASE ANGLE 1 176.9 173.2 176.0 175.4 164.9 169.2 164.7 169.5
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Table 3. Powering Prgdictions at Full-Load Condition Based on
Model Propulsion Test Using Stock Propeller (Model 4677)

SHIP LENGTH 668.6 FEET
T (MEAN) 33.76 FEET
TRIM BY BOW 1.50 FEET

SHIP DISPLACEMENT 37575 LONG TONS
CORRELATION ALLOWANCE 0.0005 (ITTC FRICTION USED)
WITH STILL AIR DRAG AND NO POWER MARGIN

SHIP SPEED EHP(PE) 1-t l-wT  RELATIVE
(KNOTS) ROTATIVE

EFFICIENCY

10 1815 0.846 0.774 1.042

11 2399 0.845 0.774 1.044

12 3094 0.844 0.773 1.044

13 3911 0.843 0.774 1.043

14 4858 0.843 0.773 1.045

15 5963 0.842 0.773 1.044

16 7269 0.841 0.773 1.044

17 8820 0.844 0.774 1.043

18 10595 0.847 0.774 1.042

19 12609 0.847 0.774 1.043

20 14930 0.849 0.774 1.044

21 17835 0.853 0.776 1.040

22 21962 0.859 0.779 1.038

Note: 1. The data in this Table were provided by NAVSEA Code 56X7,
Memorandum 9200 Ser 56X7/154, dated 7 May 1986.

2. The data were prepared by David G. Sanders of D&P, Inc.
for NAVSEA based on reanalyzed model test data from
Tracor Hydronautics, Inc.
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Table 2. Harmonic Contents of Axial and Tangential
Velocity Components

A0177 (JUMBO) WAKE SURVEY DONE AT HYDRONAUTICS

PROPELLER DIAMETER - 21.00 FEET JV - 0.994

HARMONIC ANALYSES OF AXIAL VELOCITY COMPONENT RATIOS (VX/V)

HARMONIC = 1 2 3 4 5 6 7 8
...............................................................................

RADIUS = 0.410
AMPLITUDE = 0.1654 0.1575 0.0697 0.0284 0.0213 O.0114 0.0053 0.0048
PHASE ANGLE = 270.8 269.8 88.3 254.3 93.7 263.3 81.9 242.4

RADIUS = 0.550
AMPLITUDE = 0.1665 0.1871 0.0422 0.0385 0.0407 0.0281 0.0186 0.0126
PHASE ANGLE - 270.5 267.4 78.4 259.0 83.1 252.3 66.5 233.8

RADIUS - 0.650
AMPLITUDE 0.1605 0.1865 0.0169 0.0475 0.0423 0.0277 0.0267 0.0206
PHASE ANGLE = 272.8 267.1 54.5 256.1 79.0 247.3 70.3 237.9

RADIUS - 1.040
AMPLITUDE = 0.1609 0.1100 0.0410 0.0212 0.0017 0.0087 0.0021 0.0082
PHASE ANGLE = 269.0 268.0 269.5 263.6 206.6 245.4 228.8 244.8

RADIUS = 1.140
AMPLITUDE 0.1846 0.1217 0.0671 0.0341 0.0222 0.0172 0.0135 0.0079
PHASE ANGLE • 268.1 266.9 266.1 261.3 249.9 241.2 242.0 245.6...............................................................................-

RADIUS - 0.200
AMPLITUDE 0.1445 0.0534 0.0910 0.0259 0.0481 0.0524 0.0234 0.0078
PHASE ANGLE = 280.1 298.3 100.8 213.9 252.3 69.3 215.9 324.1

RADIUS = 0.300
AMPLITUDE = 0.1569 0.1101 0.0836 0.0240 0.0112 0.0166 0.0093 0.0037
PHASE ANGLE = 274.0 275.7 94.4 237.4 226.7 62.2 209.0 305.4

RADIUS = 0.400
AMPLITUDE 0.1649 0.1541 0.0712 0.0279 0.0192 0.0095 0.0044 0.0044
PHASE ANGLE - 270.9 270.2 88.8 253.4 95.6 266.2 89.1 245.4

RADIUS - 0.500
AMPLITUDE = 0.1674 0.1806 0.0533 0.0345 0.0360 0.0244 0.0141 0.0094
PHASE ANGLE = 270.1 268.0 82.7 258.9 85.4 254.6 66.5 233.1

RADIUS = 0.600
AMPLITUDE = 0.1631 0.1878 0.0285 0.0438 0.0421 0.0281 0.0235 0.0172
PHASE ANGLE - 271.8 267.2 70.8 257.2 80.8 249.6 68.9 236.5

RADIUS = 0.700
AMPLITUDE 0 0.1523 0.1658 0.0142 0.0372 0.0402 0.0206 0.0245 0.0180
PHASE ANGLE = 272.5 267.5 50.1 256.8 78.3 248.6 69.7 238.5

RADIUS = 0.800
AMPLITUDE * 0.1433 0.1341 0.0073 0.0228 0.0328 0.0106 0.0187 0.0137
PHASE ANGLE - 271.7 268.2 11.4 259.4 77.6 252.5 68.9 240.1

RADIUS a 0.900
AMPLITUDE • 0.1439 0.1151 0.0136 0.0165 0.0215 0.0060 0.0113 0.0106
PHASE ANGLE * 270.7 268.5 289.2 263.2 77.8 255.4 69.1 242.1

RADIUS - 1.000
AMPLITUDE a 0.1541 0.1089 0.0320 0.0182 0.0062 0.0068 0.0022 0.0087
PHASE ANGLE - 269.5 268.3 272.1 264.2 85.3 248.6 80.4 244.2
...............................................................................
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Table 4. Ketimated Povering Performance at Ballast Condition

SHIP DISPLACEMENT 22146 LONG TONS
T (MEAN) 21.07 FEET
TRIM BY STERN 5.90 FEET
CORRELATION ALLOWANCE 0.0005 (ITTC FRICTION USED)
WITH STILL AIR DRAG AND NO POWER MARGIN

SHIP SPEED EHP(PE) 1-t l-WT RELATIVE
(KNOTS) ROTATIVE

EFFICIENCY

10 2183 0.874 0.741 1.029

11 2920 0.875 0.741 1.031

12 3781 0.876 0.740 1.031

13 4775 0.877 0.741 1.030

14 5889 0.878 0.740 1.030

15 7160 0.878 0.740 1.029

16 8567 0.877 0.740 1.028

17 10131 0.880 0.741 1.026

18 11792 0.881 0.741 1.023

19 13437 0.878 0.741 1.021

20 15045 0.876 0.741 1.020

21 16713 0.875 0.743 1.014

22 18661 0.873 0.746 1.011

Note: 1. The data in this Table were provided by NAVSEA Code 56X7,
Memorandum 9200 Ser 56X7/154, dated 7 May 1986.

2. The effective power in this Table were estimated by D.G.
Sanders of D&P, Inc. for NAVSEA.
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Table 5. Model Nominal and Iffective Wake

r/R Nominal Wake Effective Wake
(Vx/Vm) (Vx/Vm)

0.2 0.295 0.325

0.25 0.370 0.408

0.3 0.436 0.480

0.4 0.550 0.606

0.5 0.640 0.705

0.6 0.700 0.771

0.7 0.742 0.818

0.8 0.776 0.854

0.9 0.796 0.877

0.95 0.801 0.882

1.0 0.803 0.885

VOLUME MEAN 0.703 0.774
(1-wv)

(l-wT)/(l-wv) 1.101

Note: 1. The model nominal wake was measured with five-hole pitot
tubes in the towing tank at the model speed corresponding
to the full-scale speed of 19 knots.

2. The effective wake distribution was approximated by
scaling up the nominal wake by multiplying a constant
value of (l-WT)/(-wv); see Equation (1) in the text.
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Table 6. Effect of Radial Circulation Distribution on
Propeller Performance at Full Power

TYPE OF SHIP SPEED (KNOTS) AT PROPULSIVE

CIRCULATION PS = 24000 SHP EFFICIENCY
RPM - 100

Go (LERBS OPTIMUM) 20.73 0.706

GI (TIP UNLOADING I) 20.58 0.688

G 2 (TIP UNLOADING 1I) 20.62 0.693

G3 (TIP LOADING) 20.77 0.713

Note: The degree of tip unloading is defined as the ratio of

unloaded circulation value to Lerbs optimum circulation
value at 0.95 radius.

GI - Tip Unloading I (G1 /Go) at 0.95 radius - 0.79

G2 - Tip Unloading II: (G2 /Go) at 0.95 radius - 0.85
G3 - Tip Loading (G3 /Go ) at 0.95 radius = 1.08
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Table 7. Computer Output from Lifting-Line Code EPPD

INPUT DATA :£0-i7? JUMBO PROP (NON-OPT CIRC -G2'. MODEL WAKE, FINAL THICKNESS)

NBL = 5 PDEPTH - 22.000 FT
NSHAFT - I DESIGN -24000.0

NR = 11 TOL - 0.00050
NPHI . 1i ETAT = 1.0000
NPROB - i-VT = 0.7750
IOPT = 0 EAR = 0.Sig1
ICIRC = I RHO - 1.9905 SLUG/FT**3
IWAKE = I RHOS - 483.84 LBM/FT.'k3
IDRAG - I NI.E = 1.2817 FT**2/SEC
ITHICK = I VMEAN = 0.7035 (NOMINAL)
ICONVG =i VMEAN = 0.7750 (EFFECTIVE)
IPPINT = 0 DIAM = 21.000 FT

WEIGHT =57298.4 LBS
IPsOiO = 0
NCOEF = 0

4INPUT DATA AT INPUT RADII

x PHI G G COEF 1-W(x) C/D T/C CORAG

0.200000 0.000000 0.000000 0.034324 0.295000 0.215000 0.226700 0.008500
0.250000 28.955020 0.017000 0.000412 0.370000 0.239000 0.190600 0.008500
0.300000 41.409620 0.023500 -0.000223 0.436000 0.265000 0.157800 0.008500
0.400000 60.000000 0.030000 0.000649 0.550000 0.313000 0.108900 0.008500
0.500000 75.522480 0.033000 -0.000855 0.640000 0.352000 0.081400 0.008500
0.600000 90.000000 0.034000 0.000315 0.700000 0.379000 0.066800 0.008500
0.700000 104.477500 0.033200 -0.000369 0.742000 0.390000 0.057900 0.008500
0.800000 120.000000 0.030300 0.000082 0.776000 0.377000 0.052000 0.008500
0.900000 138.590400 0.023000 -0.000062 0.796000 0.316000 0.048300 0.008500
0.950000 151.045000 0.015253 0.000000 0.801000 0.237000 0.047100 0.008500
1.000000 180.000000 0.000000 0.000000 0.803000 0.000000 0.046000 0.008500

INPUT DATA INTERPOLATED AT 1i EQUAL ANGULAR POSITIONS

x PHI G G COEF l-W(K) C/D T/C CORAG

0.200000 0.000000 0.000000 0.034324 0.324975 0.215000 0.226700 0.008500
0.219577 18.000000 0.010461 0.0001 0.358737 0.223952 0.2t2336 0.008500

m0.276393 36.000000 0.020861 -0.000223 0.446980 0.252693 0.172712 0.008500
0.364886 54.000000 0.028294 0.000649 0.564559 0.297034 0. 123417 0.008500
0.476393 72.000000 0.032493 -0.000855 0.684565 0.343754 0.086376 0.008500
0.600000 90.000000 0.034000 0.00031 0.771126 0.379000 0.066800 0.008500
0.723607 108.000000 0.032741 -0.000369 0.827133 0.389523 0.056280 0.008500
0.835114 126.000000 0.028487 0.000082 0.864458 0.363779 0.050473 0.008500
0.923607 144.000000 0.019839 -0.000062 0.879898 0.285298 0.047699 0.009500
0.980423 162.000000 0.008047 0.000000 0.884117 0.149220 0.046441 0.008500
1.000000 180.000000 0.000000 0.000000 0.884592 0.000000 0.046000 0.008500

*PROPULSION DATA VS (KNOTS) EHP THRUST DED RPM
18.000 10595.00 0.1530 100.000
19.000 12609.00 0. 1530 100.000
20.000 14930.00 0. 1510 100.000
21.000 17835.00 0.1470 100.000
22.000 21962.00 0. 1410 100.000
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Table 8. Effect of Skew on Blade-Frequency Thrust and Torque

NO SKEW 36 DEG SKEW 40 DEG SKEW

(KT)5 (PUF-2) 0.01666 0.01159 0.00714

K'T (PUF-2) 0.297 0.303 0.312

]r (EPPD) 0.287 0.287 0.287

(KT)5
5.61 % 3.83 % 2.29 %

VT(PUF-2)

(4)5
5.80 % 4.04 % 2.49 %

KT (EPPD)

(KQ)5 (PUF-2) 0.0030 0.00188 0.00101

TQ (PUF-2) 0.0577 0.0586 0.0589

(EPPD) 0.0558 0.0558 0.0558

*,,. (KQ) 5.K) 5.20 % 3.21 % 1.71 %
jKQ(PUF-2)

i (1K)5
(EP) 5.38 % 3.37 % 1.81 %

j (EP PD)

Note: 1. In PUF-2, V=20.62 Knots, RPM=I00, and the nominal
wake (l-w.=0.7034) were used as input.

2. Jessup's t/c) was used.
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Table 9. Pitch Distribution (P/D) from Lifting-Surface

Computation Using Computer Code PBD-1O

r/R LL (LS), (LS)2 (LS)3 (LS)4 (LS)5 (LS)6 FAIRED FINAL

0.2 .4624 .6367 .6440 .6374 .5183 .5885 .5836 .5828 .7224

0.25 .7366 .9101 .9098 .9055 .8438 .8451 .8503 .8452 .8775

0.3 .8797 1.0331 1.0251 1.0238 .9974 .9871 .9923 .9902 .9994

0.4 .9937 1.1504 1.1340 1.1355 1.1295 1.1281 1.1270 1.1400 1.1405

0.5 1.0789 1.2188 1.1978 1.1988 1.2018 1.2005 1.2004 1.2080 1.2080

0.6 1.1254 1.2387 1.2198 1.2215 1.2293 1.2290 1.2289 1.2291 1.2342

0.7 1.1517 1.2242 1.2030 1.2035 1.2138 1.2156 1.2151 1.2280 1.2282

0.8 1.1769 1.1737 1.1611 1.1606 1.1901 1.1881 1.1882 1.1799 1.1804

0.9 1.1796 1.1008 1.0624 1.0573 1.0559 1.0574 1.0577 1.0376 1.0433

0.95 1.0962 .9303 .8189 .8031 .8134 .8191 .8200 .8696 .9051

1.0 .8148 .5062 .2597 .2239 .3348 .3609 .3634 .4428 .7048

KT .2871 .304 .300 .299 .299 .299 .300

KQ .0558 .0579 .0563 .0563 .0569 .0570 .0570

GRID NO. 8 x 9 : Key Blade 16 x 35 : Key Blade
4 x 9 : Others 4 x 9 : Others

Note: 1. LL means lifting-line computations using the code, EPPD.

NLS means lifting-surface computations using the code,

PBD-1O, and the subscript represents the iteration
number.

2. For computations with finer grid arrangement, i.e.,
iterations 4, 5 and 6, wake alignment process was
skipped.

3. For lifting-line computations, a constant blade section
drag coefficient of 0.0085 was used. The KT and KQ for
lifting-surface computations are values corresponding to
a constant section drag coefficient of 0.0085.
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Table 10. Cber Distribution (f/c) from Liftiugurface
Computation Using Computer Code PBD-1O

r/R LL (LS)l  (LS)2  (LS)3  (LS)4  (LS)5  (LS)6  FAIRED
(FINAL)

0.2 -- .0230 .0497 .0554 .0364 .0224 .0223 .0604

0.25 .0369 .0458 .0636 .0668 .0680 .0667 .0684 .0589

0.3 .0378 .0541 .0651 .0664 .0679 .0678 .0687 .0564

0.4 .0301 .0455 .0485 .0483 .0480 .0480 .0480 .0468

0.5 .0235 .0330 .0341 .0342 .0348 .0350 .0351 .0353

0.6 .0189 .0300 .0301 .0300 .0290 .0289 .0289 .0289

0.7 .0155 .0246 .0254 .0254 .0255 .0255 .0255 .0263

0.8 .0129 .0263 .0273 .0271 .0265 .0265 .0265 .0258

0.9 .0104 .0251 .0292 .0295 .0270 .0271 .0271 .0267

0.95 .0088 .0107 .0233 .0257 .0253 .0252 .0251 .0276

1.0 .0000 -.0199 .0093 .0158 .0283 .0296 .0294 .0286

GRID 8 x 9 : Key Blade 16 x 35 : Key Blade
ARRANGEMENT 4 x 9 : Others 4 x 9 : Others

Note: LL - lifting-line computations using the code, EPPD.
LS - lifting-surface computations using the code, PBD-10

where the subscript indicates the iteration number.
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Table 11. Gemsitric Characteristics of Design Propeller of
AO0-177 JUN30

Diameter (D) - 21.0 feet

Number of Blades (z) 5

Expanded Area Ratio (AE/AO) - 0.819

Camber Distribution: NACA a-0.8 Meanline

Thickness Distribution: NACA 66 (Modified)

Design Advance Coefficient, JA ' 0.771

Design Thrust Coefficient, KT - 0.287

Design Thrust-Loading Coefficient, CT m 0.739

r/R P/D c/D t/c t/D fM/c es iT/D

0.2 0.7224 0.2150 0.2267 0.0487 0.0604 0.0 .0000

0.25 0.8775 0.2405 0.1906 0.0458 0.0589 0.0 .0000

0.3 0.9994 0.2648 0.1578 0.0418 0.0564 0.0 .0000

0.4 1.1405 0.3100 0.1089 0.0338 0.0468 0.0 .0000

0.5 1.2080 0.3505 0.0814 0.0285 0.0353 1.2 .0040

0.6 1.2342 0.3790 0.0668 0.0253 0.0289 4.5 .0154

0.7 1.2282 0.3900 0.0579 0.0226 0.0263 10.0 .0341

*0.8 1.1804 0.3775 0.0520 0.0196 0.0258 17.7 .0580

0.9 1.0433 0.3150 0.0483 0.0152 0.0267 28.5 .0826

0.95 0.9051 0.2380 0.0471 0.0112 0.0276 35.4 .0890

1.0 0.7048 0.0000 0.0460 0.0000 0.0286 40.0 .0783

69



Table 12. Predicted Ship Speed and RM of AO-177 JUMBO
at Ful Load and Ballast Condition

FULL LOAD BALLAST
CONDITION CONDITION

No EHP Margin No EHP Margin

V = 20.81 knots V - 21.64 knots
FULL POWER RPM - 99.50 RPM = 98.74
(24,000 SHP)

6% ERP Margin 6% EHP Margin

V = 20.43 knots V = 21.02 knots
RPM = 99.12 RPM = 98.11

No EHP Margin No EHP Margin

V = 19.54 knots V - 19.56 knots
80% FULL POWER RPM = 92.64 RPM = 91.23> (19,200 SHiP)

6% EHP Margin 6% EHP Margin

V = 19.13 knots V = 18.93 knots
RPM = 92.18 RPM = 90.60

J
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Table 13. Of fset@ of A-77 JUMB0 Design Propeller

Table 13a. No Trailing-Edge Modification

SIC! 7fl1 OilET

AT,-77 3WRO SKEW-IND RAKE 0947V. I I 100IrICATI07

ORDIN4ATES (767 78*1L7840-EDG moir 1CATI095) AT 7696716884910844 RADIUS 3/30

2000 2500 3000 3500 4000 5000 6(77( 000) 000 9000 .9500 .900 9700 .?00 00 t 0000

0.000 0000 0000 0 0000 0 0000 00000 00000 0 0000 0 0000 00000 0 000 0 0000 0 0000 0000 0 0 0000 0 000 0 000
L0 0000 0 0000 0 0000 0 0000 0 0000 0 0000 0 0000 0 0000 0 0000 0:0000 0.0000 0 0000 0.0000 0:0000 0Z 000 000

003M3 .7382 7080 6S94 6039 549 4657 4737 3717 3280 .2606 .19441 .17156 .1531 .1255 .0097 0,00010
L S56 - "02 - 4498 - 3929 -363 - 2921 -2594 ,2278 - 1921 -. 1420 -. 1026 - .0918 - .0794 - 0845 -. 0492 0 0000

0090013 95.99 56 7887 7196 .606 5407 4872 .4322 .3440 .2S74 .2322 .2026 .1661 1174 0 0000
7-676-.15.51 -. 49 -. 132 -3466 3079 -.2693 -. 2252 -.1653 -.1178 -.9052 -.0"0 -.0737 -.0599 0 0000

00625U 1.08 039 .73 395 7 .98 6144 -.5541 4921 3924 .289 .2652 21 1898 1341 0.0000
7. .974 -. 59 . 84 59 .48-34 39-20 . 1 -1 762 -1250 -.115-06 - 00 - 0440.00010

00930U 1.3471 1 3021 1 2232 1 1284 1 0323 .8747 .7758 .7005 .8236 .4988 t34 .237 .241 2419 MO1 0. 0000
- 78 a 713 5 q ,48_3 2_2 . 6846 - 5a9 - 509i 4285 3808 -3306 -. 2724 -. 1955 -1372 -1222 -. 05 oG065 -.0592 00000K

0003 1:5 1 3499 1.2687 1.1709 1 071S .9010 .8052 2 _.:7 .1 3.119 .3S .04 2514 .17710 0000
.-.9O1 -. 8110 -.7006 - 5987 - 5196 -.43723 3886 -3270 -. 277 -. 19632 -. 9 -. T IT2 -. 0'3 -06 9900

.0125011 1.5785 1.5292 1.4399 1.3310 1.2,192 1.0333 .9163 .8282 .73111 .5920 .4446 .409S .304 .27 .203 0) WIDE
-. 89-68 7 -. 7573 -.642 .5560 -.4677 -.415? -. 3593 -.2933 -.2076 -.1443 -.1282 -.110 - 68- 17 0 0000o

.0250011 2. 3199 2.25"9 2.l405 1 9883 1.3270 1.5490 I.3'93S 1.2442 1.1142 .8979 ..6763 .611 9337 .4383 IT10 000
-.29- 1277 -.967 -.7859 *.6674 -.5600 -p .480 -4243 -. 33S7 -.2256 -. 512 -. 132 -1 134 - N 096 .624 00000

050000O 3 424* 3 3517 7 :9:7 2,9817 2 7480 2.3307 2.065S 1.8759 1.6866 1.3659 1.0316 .8326 .8150 .687 .4742 00000CK
-6496-t 418A.1 10 9 I6 - 7656 -. 6400 - 5698 -.4743 -.3997 -. 2196 -1340 -.117 -.0964 - 0793 -. 090610.0000

075000 4.2962 A 2224 4 0146 3.770 3 48948 2.9562 2.6205 2:219: 1 2.1459 114.24 1.31791 1.1917 1.04 1 l 6962 6000000
1-1.050- 677 , 2923 1.0028 .6 --. 760 - 6024 -.491 -. 35 1 924 -.1073 -.0900 -.0726 -0547 -03SI 0 0000

100001 5.37 4.9581 4,7472 4.4491 4 M73 3.411500 3.0923 2.1 2 29372 2.0635 t.5622 1.4129 1.2353 1.0159 .7195 0.0000
1L2 l043-I 79I 374t-I 051 - 8345 -.6936 .6185 -.4958 -3375 -.1640 -.0786 -.0627 -.0476 -.0332 -.0192 00000O

190001J 6.2457 6. 1629 5 9160 5.556t 5. 1410 4.3624 3.8673 3.520 3.l .53.90 1.11693 1.7778 1.9946 1.2784 890600.0000

L4040-1.9723-t.4978-I1 060 - 8491 -.7022 -.6271 -.4862 -.300O3 -.1049 -.0220 -.0093 .0008 .006113 0I120 0000oo

20001 7.6 319 .39 .01 5 9593 5 0939 4.4803 4.0606 3.81 3.0125 2.2851 2.0675 1. ROSS 1.4971 1.0640 0.0,

IV 6912.19-.79116 8419 -693f - 6i16 -. 4958 -.2191 -048 .020TI .0309 .0451 04511 .02117 0:00

25C001J 7.49 SS7.817 .5681 7. 120 011 5.602 4.96634.5256 4.067233.34"82.5397 2.3181 2.0102 1.6l3 1.1719 0.000
L277 7 2 02180l6791.307 -.820 -.6729 -.6028 -. 439 -.2168 .0D41 .0774 .0637 .064v .076 .0623 0.0

200U .226 8.4404 8. 1327 7.6612 7.1022 8.0280 5 3439 4:.1701 4.47t2: 2.6071 2.7382 2.4780 2.t@77 1.7930 8.2640 0.0000)

l-2.707-225-.62-.11 - 7879 -. 6431 - 5765 -. 4069 -. 176 .34 .26 135 20 .10 .94000

35000.3 8.47 1.61150 .587:4747 6.3444 S56240 9,1279 4.6477 3.6016 2.8669 2.61" 2.2857 .E 1.118329 0.0000
-240-2.297S-I.6241-t.0633 -.7461 - 6062 - 544 - .70011 -.1E,7 .099 .159 10 .19s2 137 DM0 00

4000011 9.2295 9.153598.8326 6.302 7.7280 8.5597 5.8147 5.3031 4.8065 3.93S2 2.9892 2.7054 2 3670 I 9471 1 3805 0 0000
L-.2 .8364-2.2081-.9SI1.0403 -.6873 -.54134 -.5066 -.3325 -.097 .14oll I164 .1917 1814 16Got 12200 0000D

450001 2.3143 .327.8.9822 8:.754 7.865.2 6.6764. 511 5 11.298 41.8.970 4 0096 3.0465 2 7573 2 4126 1 9947 I 4072 0 0000,
L-3.9074-2 24995l.548 -.9843 -.60 -.4 -4638 -.2907 -.0468 .1788 .27 29 02 11 3600

5012 U9.8 67 9.3033 41.988111 8.4862 7.8773 8.6874 5.9278 5.4087 4.9083 4.0270 3.0560 2 7661 2 4204 1 9913 1 4179 0.0000
L-2 .8337-2. 16310-1.4617T -1I04 -.5691 - .4516 .4075 - 2392 .0004 .21 7q 2547 246 2300 2009) 1507 0T 0000

58000129.2227 9. 1649 6.8606 8.37007.7727 6.5984 5.8489 5.3360 4.8464 3.9725 3.0201 2 7338 2 3923 1 9683 I 3957 0 0000
L-. :470-2.046t-f.3556 - .8 t0~? -.482f -.3809 -.3447 -.1837 .0479 .2540 2808I 2703 2503 2 17 5 162 3 0 OOOD

.00000)8-9319 381 1.9 8.1226 7..56 6.0131 S.41782 .1.37 4.79 1 . 862 2.11 977 1" 69:91 2 3271 1 914 111.80)07700
L 2170-I894I37: -.7033 -.3901 -.3036 -.276D -.12411 .0948 2859 3024 .a9 2666 2 ,0 1712 0 0000

4 650018.90 6 14492 8. 1815 7.7376 7. M97 6.,OS 05 5.413 4 .17 4.49197 3 6974. 2 8096 2 5400 2 2231 1 12.11 I'l 29) 077(93

L-2.3161-1: 7143 _I.0609 -.58S6 -.2930 -.2225 - o207 -.0651 128 3113 3 175, 3023 2 771 2789 ,76. 77 7(7(

7017 .1l8096 7.8576 7.6147 7.2062 69951 5.691 518; 4 .004. 1 3 4432 2 6211 2 3733 2 077-, 1 71007 ;2777 7

L-2:0701-1.5096 -.9219 -. 4649 -.1978 .43 -. 3 -D009 .745 3259 3227 3057 2791 2392 77270.7-

790000 7.1164 7 0926 6.8782 6.S126 6.0.569 5.7428 4.559:4 4 1111 3 793 323 2 3179 2 ;131 7 A8 I1 7 510 1 :195 7',777,7
L-I.11011-1I.2545 -.7653 -.3557 -.118 -.07a - 072 G02 727 322 3112 293 273 228] 76797 6

.001 26CCO .1 111 6.172 , :5.92 5.61138 5.2211~ 4.4332 3 9293 3.5926 3 2746 2 6976 2 0967t 7 8623 1 6309 1 3732 9939 0 0(7
L-.470-l103 -.654 -.3014 -.097 -.0637 -. 06712 0297 165 .22 2637 2469 2262 7929 141 00(70(7

85000 4.69 4.874 4.7191 4.4823 4::461 1_5204 3 7204 2 ...3 2 6023 2 ;7460 I 6364 1 4824 '987h 1 777777 6(06770(7(7

L t7.342-100232 -. 636 -. 3502 -.1OR - 738 2 - 7262 -. 0493 0601 13 1 7 593 751: 7399 189 0869 077X00

8000011 3.4860, 3.4950 3.3317 3. 1405 2:.9725 2.4721 2 794 2 0038 Il 833 I 9727 1 79894 1 0462 q3772 7567 91819 0070

L -. 13811 -.84 -. 32 -.1 -. 903 -.2359 -.277 . 1499 0699 0(7174 0328 0 343 7)773 0295 (7275 07 OK)w

9500O.3 1.9671 1 9342 7 860O2 7 ?76 17. 6002 1 3:5 7 2035 1 ;020 7 0730 8447 6472 5872 9767 4272 37767 0 0(99

L-.11463 -7177 -.5613 - 4343 -3481 -.2698 -.258 3 - 2768 1 724 - 7789 .0803 0713 .0622 057311 0385 079970

8700 :.1:71 7 71568 096 7.0783 .9359 7935 7036 644 6076 57(07 3773 3980 798 262 -770007

-. 655 -.5724 - 4799o - 3978 -3 374 .2837 2577 - 2233 , 7998 U631 1226 777,4 098 77934 7*22 0 0000

I'oo 00030.04 250 2509 3793 2935, 279' 2727 100(6) 277(77 77.71',:0"207477'8 079-064: -3350 - 3509 - 3753 283 3 9 22 27700 2727( 775 7480 7360 72717,.0778D0 77 000

U OF0FSET 0, UPPER SURFACE1 79(SCTIO $7178 SUCTI7707 84l IACII 771 777O 9777 . 770

MEASURE0 8809 RF718F4C[ (79 76HE 7477, 717t417 F ,IU," "1 II I
L. OFSE 0 of8 0 U 80(A 908(8161981$77.((978 42 177 777747,7
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Table 13b. With Trailing-Edge Modification

AO 117 JUMI0 SKEW IND1 RAKE3 0347 T I "Oii)1FICATION

ORDINAIES (WITH I6ATLING-EDCT NW0013$ ONS AT1416 WN664 016E14911 ADIU 1126/110

2000 2500 3000 35400 4000 5000 .- 0 7000 B000 .9000 9500 .6600 .9700 .9800 69900 10000

F RACTION1
0F3C-6160

ASOOU6 3900 745 9 3029 6 9623 6 475 7 663 6 6765 5 9162 S 3987 438970 4.0096 3.046S 2.7S74 2 4126 1.9948 1.4072 0.00
L-29076-2246 550 - 964 -.6404 -.950O 46371 -. 2906 -. 0469 .1167 .2247 .2197 .2062 .1813 .1368 OA2O0

900000 9 3667 9 3033 8 96IF 6. 4662 7 S77: S.6674 5 976 5.4067 4.9063 4.0210o 3.096 2.76 2.4204 1 9913 1.4fig 0.0000
1-2 127- 13.1 4:8 07 .66-456-47 -. 29 004 219 .47 466 .2200 .2009 5107 0.0000

90000U 3.4860 3 4550 3 3317 3 1405 2 9125 2.4721 2 14 2,0036 1.6303 1.5t27 1.1549 1.0462 .9172 .97 .3692 0.0000
L1 139 6947 - 6324 I -21 2903 -.2259 2 - 1499 -0691 .0074 .0326 .03:3 .0333 .029" .0215 O000

95000$) I 9671 1 9342 1 6502 0 7376 1 5919 $ 3575 1.2039 1.1020 1.0130 .6447 .6412 .672 .5160 .4272 .3061 0,0000
L -6463 1 -$,7 - 5613 - 434 3 - 3461 .2696 -.2563 -.2fee -.1724 I.F169 _-.0603 -.0713 -.0522 -.0996 -.0369 0.0000

t,0$ 61 7$ 9415896 1 366 1.2448 1.;034 1.0107 .90 7779 .S962 .41 47S7 .3942 .2827 0.0000
Go -60 660-90 429-37 .2907 -. 29 -t29 .19 29 1.69 -. 62-0703 -.0588 -0437 0.0000

960000 I 659 $ 2 I 191466 1.4454 0 217: 1.1 1.0033 .1 .6 7104 .9493 .49 .439 .3612 .2594 0.0000
L - 771- 607 5 334 -. 4241 - 3479 -.2906 -2966 -. 22 5.69 -1366 -.0968 -.0867 -. 7:, -.065S -.0467 0 0000

96501U 1,4990 1 466 1 3976 I 2952 1 0406 1.0107 .9032 .8283 .7696 .643 .4945 .4492 .39154 .3283 .2362 0.0000
- 33.630 . 5 72 - A 69 - 34S9 - .2693 -257S - .2236 -.191 -.175 -.1073 -.0968 -.0654 - .0718 -.0534 0.0000

9700OU 1 34359 3124 1 2461 1 13-32 696 .7491 6033 .7372 .6834 .9766 .4440 .4035 .35S9 .295S .2t31 0.0000
AI-6917 - 6036 - 4994. Q9 3- 2 ... R26, 2552 - 2240 -.1961 -.197 -.1153 -.1043 -.0624 -.0778 -.0579 0.0000

q 7500U14 tA$72 1$SAO6 I 0960 9649 6740 .7190 .7032 .6464 .6016 .5101 .3 .90 -19 2629 1900 0 0000
L 6515 - 974. 4795 3978 -. 3374 -. 2031 - 2917 -.2233 -.1996 -.1631 .26 1114 ... 0966 q(6413 _ :0622 0:0000

9600004 1 0306 r 1 01 9496 7649 4667 3 1 66 .31397 .9200 ...Is .111S .3126 .2762 .2304 $1670 0.0000
L 074 - 5194 .4586 383696 3307 -. 7 .24 70 -.22t5 -. 2024 -.1697 _-.1 294 _-.917: .1046 -. 0886 -. 0661 0.0000

9600 747 6462 79S6 5993 3039 .3589 4293 .4412 .4226 .3590 .2778 .2531 .223S9 1866 13112 0.0000
L. a 61A 5044 A 4353 .37 16 .3222 - .2712 .2409 - .2164 - .2039 -.1793 -.1I3S4 -.1236 -.1102 -. 0934 -.0697 0.0000

900013 7169 919 46 4131 1:62 19 2331 61 .26061 .21111 .1669 .1-52: .:1 $133 0600 0
5 - 12-47 096 -. 5 . 7 -27 2334 -240 -2042 -.1798 -.i406 -.1269 -1:4 067 1- _072900000

991000 .6676 .660 6165 37519 0612 .1120 t922 .2234 .2202 .1807 .36 .2 131 094 00000
1.-533 ASS 4044 .3519 . 3Q4 . .260A 2316 -. 2129 - .2041 -. 1606 -. 419 19 .16-06 -. 0735 0,0000

992012 6967 6296 966 3367 0441 09:11 .1507 .1604 .71 .0442 .1118 .1024 .0906 .0770 OsSO 00000
L3 I 93 S 417 3969 - 3452 -3069 -296 -. 299 to .: -. 039 -. 1612 -. 1424 -. 1304 -. 1166 -09911 -. 074$ 0 0000

."31 .6299 99" 97 .,3011 007$ 0.096 .1062 .136S .136 .1071 .0633 .0769 .0661 .0993 .0427 0 000
". -. 11-43 -. 393 -. 49-34 .96-26 .106 -.2037 -.1820 -.1433 -. 313 -.4174 -. 0996 -. 0747 0 0000

9914000 9926 -9683 .927S .2643 - 0300 .0189 .0677 .0031 .0616 .09 .094 I 00 A09 - 0 09 0 000
L. 47 90 4357 -7076 -. 2407 -. 3017 -. 21146 -. 2241 -. 2093 -. 2033 -. 6 -. 1441 -'132t -. 1962 $ 0009 :079200000D

.996000 .94 99 4976 .2271 - 0670 - .0163 .0261 046 .42 .0326 .0261 .0247 0227 0206 0161 0 0000
L.13 -. 2:4 -. 3818 -2364 -2190 -. 2624 -. 2241 -. 2079. -. 2030 -11131 -1449 -. 13268 -11 to 1012 07937 0 0000

69460011 .5072 :49S5 .4650 .1699 -. 104: -. 0572 ::0154 .0058 .0046 -OD47 -0025 -0012 0000 002$1 0026 00000
L-.42661 -076 -. 3731 -.2327 -.2961 -. 2501 .2220 -. 2069 -. 2025 - $636 -1.56 1 335 1196 l0ot 076 2 0 0000

9970011 .4463 .42 42 15,27 -:1411 -05 -06,-07 -. 0366 -. 0420 -03t0 027; 02207 0166 -0106 00000
1-3963 -367 S.384 -. 26 -.292 - 2476 - 2196 -2050 -. 2020 .1841 1 463 1 342 $203 1024 0767 0 0000
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Table 14. Comparison of Full-Scale Powering Predictions
Rased on Model Powering Experiments
Using Stock and Design Propellers

FULL LOAD BALLAST
CONDITION CONDITION

PREDICTION EXPERIMENT PREDICTION EXPERIMENT

No EHP Margin No EIP Margin

V 20.81 21.0 21.64 22.0
FULL POWER
(24000 SHP) RPM 99.50 99.5 98.74 99.4

6% EHP Margin 6% EHP Margin

V 20.43 20.6 21.02 21.7

RPM 99.12 99.3 98.11 99.3

. No EHP Margin No EHP Margin

V 19.54 19.8 19.56 20.6
SUSTAINED

POWER RPM 92.64 92.4 91.23 92.1
(19200 SHP) ......

6% EHP Margin 6% EHP Margin

V 19.13 19.4 18.93 20.1

RPM 92.18 92.2 90.60 91.6

Note: 1. Data under PREDICTION columns were taken from Figures 20
and 21. These predictions were made by using the

powering characteristics.

2. Data under EXPERIMENT columns were provided by Code 1521,
DTNSRDC via Memorandum dated 9 October 1986. These data
were obtained based on the experimental open-water and
powering tests using the design propeller. The data are
preliminary in nature and the final data might be slightly
different.
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Table 15. Comparison of HP and Propeller/ull
Interaction Coefficients Between
Stock and Design Propellers

RELATIVE

SHIP EHP(PE) 1-t l-wT ROTATIVE
SPEED EFFICIENCY

(KNOTS)
T.H. DTNSRDC STOCK DESIGN STOCK DESIGN STOCK DESIGN

10 1815 1800 .846 .855 .774 .790 1.042 1.010

11 2399 2370 .845 .855 .774 .785 1.044 1.010

12 3094 3060 .844 .855 .773 .780 1.044 1.010

13 3911 3870 .843 .855 .774 .775 1.043 1.005

14 4858 4800 .843 .855 .773 .770 1.045 1.005

15 5963 5890 .842 .865 .773 .770 1.044 1.000

16 7269 7140 .841 .870 .773 .775 1.044 .995

17 8820 8580 .844 .870 .774 .775 1.043 .995

18 10595 10280 .847 .875 .774 .775 1.042 .995

19 12609 12210 .847 .870 .774 .775 1.043 .995

20 14930 14360 .849 .870 .774 .780 1.044 1.000

21 17835 17000 .853 .855 .776 .780 1.040 1.000

22 21962 20740 .859 .835 .779 .785 1.038 1.015

Note: I. The data in this Table are for a full-scale condition
with still air drag and no power margin.

2. The stock propeller powering data were taken from
Table 3 provided by Tracor Hydronautics, Inc. (T.H.).

3. The design propeller powering data were provided by
Code 1521, DTNSRDC via Memorandum data 9 October 1986.
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APPENDIX A - PftOKLLKR DESIGN REQUIREMENTS FOR &O 177 JUMB0

1.PRINCIPAL SHIP CHARACTERISTICS

o Length overall = 668.6 feet (108 ft Parallel Midbody Added to the
Original Ship)

o Beam =88.0 feet
o Number of Shafts 1
o Shaft Inclination Angle = 0 degree
o Shaft Centerline above Ship Baseline = 11.75 feet

33o Propulsion Machinery Plant: Steam Turbine
o Full Load Condition:

Displacement = 37,575 Long Tons
Draft -33.76 feet
Trim 0 feet (goal)
Block Coefficient = 0.661
Prismatic Coefficient = 0.676

'I Submergence of Depth of Propeller Shaft Centerline =22.0 feet
A o Ballast Arrival Condition:

Displacement = 22,146 Long Tons
Draft =21.07 feet
Trim 5.90 feet down by Stern
Submergence of Depth of Propeller Shaft Centerline =15.2 feet

2. PROPELLER GEOMETRY CONSTRAINTS

o Fixed Pitch Propeller
o Number of Blades : 5
o Direction of Rotation : Right-Hand
" Propeller Diameter = 21.0 feet
o Maximum Propeller Weight =73,000 pounds (actual)
o Maximum Blade Weight = 56,400 pounds (LLlO6 calculation)
o Maximum Forward Blade Location: Not less than 2.0 inches aft of

a - forward end of hub (for handling purposes)
o Maximum Aft Blade Location: Comparable to AO-177 dimension
o Blade Skew: Use the amount practical in order to minimize vibration

excitation forces imparted to the hull and propulsion
machinery. Not to exceed 45 deg.

o Blade Rake. Use as necessary to maintain proper fore/aft clearances.

3. DESIGN POINT

o SHP =24,000 HP (Full Power)
o oRPM =100
o Full-Load Condition
o Wake Survey Data: See NAVSEA 55W3/DTNSRDC Code 1521
" EHP vs Ship Speed Data (With Still Air Drag, No Power Margin,

CA = 0.0005: See Table 3)
" Propeller-Hull Interaction Coefficients: See Table 3
" Blade Drag Coefficients: Model Scale
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4. PERFORMANCE REQUIREMENTS

o Sustained Speed Requirement at Full Load: 18.8 Knots at 19,200 SHP
(80% of Full Power) for EHP with 6% margin

" Machinery Operating Limits - RPM at design condition (24,000 SHP),
97.5 - 102.5

o Cavitation: - No significant thrust breakdown or erosion.
- 10% speed margin on the inception of back bubble

cavitation.
- Impact of cavitation on ship performance to be
minimized.

" Acoustic: No specific requirements.

o Unsteady Shaft Forces: No greater than 3 times AO-177 levels
(determined from vibration analysis)

" Ballast Arrival Condition:
- Satisfactory cavitation performance at ballast arrival condition,

i.e., no significant thrust breakdown, blade erosion or hull
vibration.

- 18.8 knots (or not to exceed 100 rpm)
- Wake survey data: Assume same as full-load
- EHP vs Ship Speed Data: with still air drag, no power margin,

CA -0.0005 - See Table 4.
- Propeller-Hull Interaction Coefficients: See Table 4.

5. PROPELLER MATERIAL (FULL SCALE)

" Ni-Al-Bronz, ABS Grade 4 3
o Density = 0.275 pounds/inches3

6. STRENGTH REQUIREMENTS

" Static Stress: Not to exceed 12,500 psi using beam theory.
o Fatigue Strength: Alternating stress, 12,500 psi for 108 cycles in

sea water.

7. HUB DIMENSIONS

o Diameter = 20 % of Propeller Diameter
" Hub Forward Diameter -59 9/16 in.
" Hub Aft Diameter -45 in.
" Hub Length -55 1/8 in.

A o Hub Forward End to Blade Reference Line =28.9 in.
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APPENDIX B - STRESS ANALYSIS OF AO-1 77 JUMBO PROPELLR
BY USING FINITE ELEMENT METHOD

A structural analysis has been performed for AO-177 JUMBO propeller by

the Advanced Concepts Group, Code 1720.1, DTNSRDC*. The analysis was made

utilizing the ABAQUS finite element code developed by Hibbit, Karlsson and

Sorensen, Inc.

A blade of the AO-177 Jumbo propeller was modelled using 120 three

dimensional bricks with twenty-nodes as shown in Figure B-i. The analysis

was made for full power ahead condition at 99.5 rpm. Loading for the

analysis was based on the pressure distribution calculated by the modified

4 PSF-2 code by Kim and Kobayashi [321.

Figures B-2 and B-3 show the contours plots of Von Mises stress on

both pressure and suction sides of the blade surface. The maximum stress

of about 6,700 psi occurs near 0.95 chord length at 0.45 radius of the

pressure side. The finite element analysis predicted the maximum displace-

ment of 0.33 inches on the blade (see Figure B-4). These results indicate

that the AO-177 Jumbo propeller is structurally adequate.

*The structural analysis results presented in this Appendix were provided

by Code 172.1, DTNSRDC, via Memorandum dated 31 July 1987.
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